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Abstract
We investigate the pure penguin decays B → πφ in the Standard Model (SM) and in the Constrained Minimal
Supersymmetric Standard Model (CMSSM) using the QCD factorization approach and consider the Sudakov effects in the
twist-3 contribution. We find Br(B− → π−φ)= (1.95–5.70)× 10−9 in SM and (1.1–2.4)× 10−8 in CMSSM with large tanβ
which is about one order of magnitude larger than that in SM.
 2003 Elsevier Science B.V.
PACS: 13.25.Hw; 12.38.Bx
1. Introduction
One of charmless two-body nonleptonic decays of B mesons, the process B→ φπ , is interesting because it is a
pure penguin process and, in particular, there are no annihilation diagram contributions the importance of which is
still in dispute [1,2]. It is sensitive to new physics due to all contributions arising from the penguin diagrams. The
calculation of the hadronic matrix element relevant to the process is relatively reliable because of no contributions
coming from diagrams of annihilation topology. Therefore, we shall investigate the process in both SM and MSSM.
The study of exclusive processes with large momentum transfer in the perturbative QCD (PQCD) has been
extensively carried out and it is shown that the application of PQCD to them is successful [3]. The key point to apply
PQCD is to prove that the factorization, the separation of the short-distance dynamics and long-distance dynamics,
can be performed for those processes. Recently, two groups, Li et al. [1,4] and BBNS [2], have made significant
progress in calculating hadronic matrix elements of local operators relevant to charmless two-body nonleptonic
decays of B mesons in the PQCD framework. In the Letter we shall use BBNS’s method (QCD factorization) to
calculate the hadronic matrix element of operators relevant to the decay B→ φπ .
The decay B → φπ has been studied by several people [5–9]. The naive factorization or BSW model [10]
is used in calculating the hadronic matrix elements in Refs. [5,6]. The modified perturbative QCD approach [4],
instead of using BSW model, is used in Ref. [7]. In Ref. [8], the QCD improved factorization (simply, QCD
factorization) [2] is used and only the leading twist contribution is included. The numerical result of the branching
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ratio (Br) in SM given in Ref. [8] is about an order of magnitude larger than that in Refs. [5,6]. That is, “on-
factorizable” contributions (including vertex, penguin, and hard spectator scattering corrections), which are the
O(αs) corrections to the leading order result, dominate over the leading order result. In Ref. [9] the same QCD
factorization is used and the twist-3 contributions are included. However, the Br given in Ref. [9] is (3–8)× 10−10
which is of the same order of or even smaller than that in Refs. [5,6]. Considering these disagreements, it is
necessary to do a calculation of Br in SM using the QCD factorization. We carry out such a calculation in SM first
and then in constrained MSSM. The difference between our calculation and that in [9] is how to calculate the twist-
3 contributions. The authors in Ref. [9] follow BBNS’s approach, i.e., to introduce a phenomenological parameter
instead of the integral containing end point singularity [11]. Indeed, the solution of the end point singularity in
investigating form factors of mesons is known for a long time [12]. That is, to retain quarks’ transverse momenta in
both the hard scattering kernels and distribution amplitudes of mesons and to include the Sudakov suppression [13]
make the integral convergent and computable. Thus, there is no any phenomenological parameter introduced. In
the Letter we shall use the method to calculate the twist-3 effects. Our numerical result of the Br(B± → πφ) in
SM using QCD factorization approach (QCDF) is Br(B− → π−φ)= (1.95–5.70)×10−9. We have also calculated
the Br in Constrained MSSM in order to see supersymmetric (SUSY) effects on the decay. The numerical result
in Constrained MSSM with large tanβ is Br(B− → π−φ)= (1.1–2.4)× 10−8 depending on the choice of some
relevant parameters.
The B = 1 effective weak Hamiltonian in SM is given by
(1)Heff = GF√
2
∑
p=u,c
λp
(
C1Q
p
1 +C2Qp2 +
∑
i=3,...,10
CiQi +C7γQ7γ +C8gQ8g
)
+ h.c.,
where λp = VpbV ∗pd , Qp1,2 are the left-handed current–current operators arising from W -boson exchange, Q3,...,6
and Q7,...,10 are QCD and electroweak penguin operators, and Q7γ and Q8g are the electromagnetic and
chromomagnetic dipole operators, respectively. Their explicit expressions can be found in, e.g., Ref. [11]. Follow
BBNS approach [2], the hadronic matrix elements of local operators Qi at the leading order of the heavy quark
expansion can be written as
(2)〈π(p)φ(q)∣∣Qi ∣∣	B(p)〉= FB→π0 (q2)
1∫
0
dv T I(v)Φφ(v)+
1∫
0
dξ dudv T II(ξ, u, v)ΦB(ξ)Φπ (u)Φφ(v),
where ΦM (M = φ,π,B) are light-cone distribution amplitudes of the meson M , T Ii and T IIi are hard scattering
kernels.
2. αs order corrections of hadronic matrix elements
The αs order hard scattering kernels in Eq. (2) can be obtained by calculating the diagrams in Fig. 1. Substituting
the kernels into Eq. (2), we get
(3)〈πφ|Qi |B〉αs order =
αs
4π
CF
N
Fi〈πφ|Qi−1|B〉tree,
where Fi = F for i = 4,10, (−F − 12) for i = 6,8 and 0 otherwise with
(4)F =−12 ln µ
mb
− 18+ f Iφ + f IIφ .
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Fig. 1. Order αs corrections to the hard-scattering kernels T I and T II.
In Eq. (4)
(5)f Iφ =
1∫
0
dx g(x)Φφ(x),
(6)g(x)= 3 1− 2x
1− x ln x − i3π
is the contribution from the diagrams (a)–(d), the vertex corrections, and f IIφ presents the contribution from the hard
spectator scattering diagrams (e) and (f) which is of real nonfactorization contribution. If we ignore the transverse
momenta of partons, like that in Eq. (5),
(7)f IIφ ∝
∫
dξ dudv
[
φB(ξ)
ξ
φπ(u)
u
φ‖(v)
v
+ 2µπ
mB
φB(ξ)
ξ
φσ (u)
6
u2
φ‖(v)
v
]
,
where the distribution amplitudes of π,φ,B mesons can be found in Refs. [15–17]. When u→ 0, the twist-3
contribution, the next term of Eq. (7), will lead to divergence due to the end-point singularity. Therefore, it is
necessary to consider the transverse momentum kT effect and include the Sudakov suppression factors to eliminate
the end-point singularity [13]. After including the transverse momenta of partons, Eq. (7) changes into
f IIφ ∝
∫
dξ dudv d2kT d2k1T d2k2T
(8)
×
[ −um4BφB(ξ)φπ (u)φ‖(v)
[ξum2B + (kT − k1T)2][−uvm2B + (kT − k1T + k2T)2]
+ −2µπm
5
BuvφB(ξ)
φσ (u)
6 φ‖(v)
[ξum2B + (kT − k21T)][−uvm2B + (kT − k1T + k2T)2]2
]
.
The kT resummation of large logarithmic corrections to B , φ and π meson distribution amplitudes leads to the
presence of the exponentials SB , Sφ and Sπ respectively [18]
SB(t)= exp
[
−s(ξP+B , b)− 2
t∫
1/b
dµ¯
µ¯
γ
(
αs
(
µ¯2
))]
,
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Sφ(t)= exp
[
−s(vP+φ , b2)− s((1− v)P+φ , b2)− 2
t∫
1/b2
dµ¯
µ¯
γ
(
αs
(
µ¯2
))]
,
(9)Sπ(t)= exp
[
−s(uP−π , b1)− s((1− u)P−π , b1)− 2
t∫
1/b1
dµ¯
µ¯
γ
(
αs
(
µ¯2
))]
,
with the quark anomalous dimension γ = −αs/π . The variables b, b1, and b2, corresponding to the parton
transverse momenta kT , k1T , and k2T respectively, represent the transverse extents of the B , π and φ mesons,
respectively. The expression for the exponent s is referred to [19–21]. The above Sudakov exponentials decrease
so fast in the large b region that the B → πφ hard amplitudes remain sufficiently perturbative in the end-point
region. By a straightforward calculating, we obtain the hard spectator scattering contribution
f IIφ =
4π2
N
fπfB
FB→π+ (m2φ)m2B
∫
dξ dudv
∫
b db b2 db2
(10)
×
{
−um4BPB(ξ, b)Pπ(u, b)P‖(v, b2)K0
(−i√uvmBb2)
× [θ(b2 − b)I0(√ξumBb)K0(√ξumBb2)+ θ(b− b2)I0(√ξumBb2)K0(√ξumBb)]
− 2uvµπm5BPB(ξ, b)
Pσ (u, b)
6
P‖(v, b2) b2−2i√uvmB K−1
(−i√uvmBb2)
× [θ(b2 − b)I0(√ξumBb)K0(√ξumBb2)+ θ(b− b2)I0(√ξumBb2)K0(√ξumBb)]},
where fπ (fB ) is the pion (B) meson decay constant, mB the B meson mass, FB→π+ (m2φ) the B → π form
factor at the momentum transfer m2φ , ξ the light-cone momentum fraction of the spectator in the B meson,
Ki , Ii are modified Bessel functions of order i and PB , Pπ , Pφ are B , π , φ corrected meson amplitudes with
the exponentials SB , Sφ and Sπ , respectively [18]. As noted in Ref. [12], although the twist-3 contribution is
power suppressed it is numerically comparable with the twist-2 contribution due to the chirally-enhanced factor
m2π (µ)/mB(µ)[m¯u(µ)+ m¯d(µ)]. From Eq. (10), we obtain that the twist-3 contribution to fII is numerically about
the fourth of the twist-2 contribution to fII. It is worth to note that the numerical result of the twist-2 contribution
to fII obtained from Eq. (10) is almost completely the same as that obtained without including the Sudakov factor,
as expected.
3. The branching ratio in SM
The effective Hamiltonian (1) results in the following matrix element for the decay
(11)〈πφ|Heff|B〉 = GF√
2
∑
p=u,c
λp〈πφ|Tp|B〉,
where
Tp = a3(πφ)(d¯b)V−A⊗ (s¯s)V−A + a5(πφ)(d¯b)V−A⊗ (s¯s)V+A
(12)+ a7(πφ) (d¯b)V−A ⊗ 32es(s¯s)V+A + a9(πφ)(d¯b)V−A ⊗
3
2
es(s¯s)V−A.
The symbol ⊗ indicates that the matrix elements of the operators in Tp are to be evaluated in the factorized
form 〈πφ|j1 ⊗ j2|B〉 ≡ 〈π |j1|B〉〈φ|j2|0〉. The O(αs) corrections, including the nonfactorizable corrections
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corresponding to the diagrams (e) and (f) in Fig. 1, of hadronic matrix elements are, by definition, included in
the coefficients ai . Collecting the results in the above section, we have
(13)a3(πφ)= C3 + 1
N
C4 + αs4π
CF
N
C4F,
(14)a5(πφ)= C5 + 1
N
C6 + αs4π
CF
N
C6(−F − 12),
(15)ap7 (πφ)= C7 +
C8
N
+ αs
4π
CF
N
C8(−F − 12)+ αem9π P
p
em(C1 + 3C2),
(16)ap9 (πφ)= C9 +
1
N
C10 + αs4π
CF
N
C10F + αem9π P
p
em(C1 + 3C2),
which has form of A + Bαs . In order to keep our calculation consistent, we use LO Wilson coefficients which
contribute to B and NLO Wilson coefficients which contribute to A. In Eqs. (13)–(16) CF = (N2 − 1)/(2N)
(N = 3 is the number of colors), and Ppem arises from electroweak penguin contributions, Fig. 1(g), and is given by
(17)Ppem = 109 − 4
1∫
0
duu(1− u) ln
(
m2q − q2u(1− u)
µ2
)
.
From Eq. (11), the decay amplitude for B− → π−φ is
A
(
B− → π−φ)=√2A(B0 → π0φ)
(18)= GF√
2
∑
p=u,c
λp
[
a3 + a5 − 12
(
a
p
7 + ap9
)]
fφmφF
B→π+
(
m2φ
)
24φLpB.
Table 1
Wilson coefficients Ci in the NDR scheme. Input parameters are Λ
(5)
MS
= 0.225 GeV, mt(mt )= 167 GeV, mb(mb)= 4.2 GeV, MW = 80.4 GeV,
α = 1/129, and sin2 θW = 0.23
NLO C1 C2 C3 C4 C5 C6
µ=mb/2 1.137 −0.295 0.021 −0.051 0.010 −0.065
µ=mb 1.081 −0.190 0.014 −0.036 0.009 −0.042
µ= 2mb 1.045 −0.113 0.009 −0.025 0.007 −0.027
C7/α C8/α C9/α C10/α Ceff7γ C
eff
8g
µ=mb/2 −0.024 0.096 −1.325 0.331 – –
µ=mb −0.011 0.060 −1.254 0.223 – –
µ= 2mb 0.011 0.039 −1.195 0.144 – –
LO C1 C2 C3 C4 C5 C6
µ=mb/2 1.185 −0.387 0.018 −0.038 0.010 −0.053
µ=mb 1.117 −0.268 0.012 −0.027 0.008 −0.034
µ= 2mb 1.074 −0.181 0.008 −0.019 0.006 −0.022
C7/α C8/α C9/α C10/α Ceff7γ C
eff
8g
µ=mb/2 −0.012 0.045 −1.358 0.418 −0.364 −0.169
µ=mb −0.001 0.029 −1.276 0.288 −0.318 −0.151
µ= 2mb 0.018 0.019 −1.212 0.193 −0.281 −0.136
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Table 2
Branch ratios of B− → π−φ at scale mb/2, mb and 2mb
µ=mb/2 µ=mb µ= 2mb
NF QCDF NF QCDF NF QCDF
Br in SM 2.47× 10−9 1.95× 10−9 6.53× 10−10 4.51× 10−9 2.52× 10−9 5.70× 10−9
Br in CMSSM 2.4× 10−8 1.6× 10−8 1.1× 10−8
The relevant Wilson coefficients in NDR scheme are showed in Table 1 [2]. For the other parameters, we use
fB = 0.190 GeV, fπ = 0.131 GeV,
(19)fφ = 0.237 GeV, f Tφ = 0.215 GeV, FB→π+
(
m2φ
)= 0.30
and Wolfensein parameters fitted by Ciuchini as [14]
A= 0.819, λ= 0.224,
(20)ρ¯ = ρ(1− λ2/2)= 0.224, η¯= η(1− λ2/2)= 0.317.
The numerical results of the branch ratio at different scales are showed in Table 2.
4. Br in constrained MSSM
It has been shown that the neutral Higgs bosons (NHBs) do make significant contributions to leptonic and
semileptonic rare B decays in constrained MSSM with large tanβ [23–25]. For b→ dss¯, it is expected that the
similar enhancement of Br will happen since the mass of the strange quark is the same order as or a little of larger
than that of muon. In the section we will calculate the Br of B → πφ in the large tanβ case of the constrained
MSSM.
In addition to Eq. (1), we have [22,23]
(21)Hneweff =
GF√
2
(−λt )
∑
i=11,...,16
CiQi + h.c.,
where Q11 to Q16, the neutral Higgs penguins operators, are given by
Q11 = (d¯b)S+P
∑
q
(q¯q)S−P , Q12 = (d¯ibj )S+P
∑
q
(q¯j qi)S−P ,
Q13 = (d¯b)S+P
∑
q
(q¯q)S+P , Q14 = (d¯ibj )S+P
∑
q
(q¯j qi)S+P ,
Q15 = d¯σµν(1+ γ5)b
∑
q
q¯σµν(1+ γ5)q,
(22)Q16 = d¯iσµν(1+ γ5)bj
∑
q
q¯j σµν(1+ γ5)qi.
Here (q¯1q2)S±P = q¯1(1± γ5)q2. Then Eq. (11) is extended to
(23)〈πφ|Heff|B〉 = GF√
2
∑
p=u,c
λp〈πφ|Tp + T neup |B〉,
where the term T neup arises from the neutral Higgs contributions, given by
(24)T neup = rφχ (µ)
[
a11(πφ)+ a13(πφ)
]
(d¯b)V+A ⊗ (s¯s)V−A.
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The Wilson coefficients CQi (i = 11, . . . ,16) in Eq. (21) is calculated in the same way as that in Refs. [23–25] and
results are
(25)
CQ11(MW)=−
αem
4π
mbms tan3 β
4 sin2 θWM2Wλt
2∑
i=1
6∑
k=1
Ui2T
km
ULKmb
[
−√2Vi1(TULK)∗ks + Vi2
(TURm˜uK)
∗
ks
MW sinβ
]
× (rhH + rA)
√
xχ−i
fB0(xχ−i
, xu˜k )+O
(
tan2 β
)
,
(26)
CQ13(MW)=−
αem
4π
mbms tan3 β
4 sin2 θWM2Wλt
2∑
i=1
6∑
k=1
Ui2T
km
ULKmb
[
−√2Vi1(TULK)∗ks + Vi2
(TURm˜uK)
∗
ks
MW sinβ
]
× (rhH − rA)
√
xχ−i
fB0(xχ−i
, xu˜k )+O
(
tan2 β
)
,
(27)CQi (mW)= 0, i = 12,14,15,16,
where the definitions of various symbols are the same as those in Ref. [24]. In calculating CQi (mW) the following
values of relevant parameters are used:1
tanβ = 60, mh0 = 110 GeV, mH 0 = 150 GeV,
mH− = 200 GeV, mb = 4.2 GeV, M2 = 320 GeV, µ= 270 GeV,
(28)mt1 = 120 GeV, θt˜1 =−π/4, ms = 0.11 GeV.
At the low scale we get
(29)CQ12 +CQ14 = 0.139,0.0897,0.0565 for µ=mb/2,mb,2mb.
ai in Eq. (24) in MSSM read as
(30)a11,13 =− αs4π
CF
N
(
f Is + f IIs
)
CQ12,14,
where
(31)
f Is = − 2
1∫
0
du
[
ln2 u+ 2 lnu− 2 Li2(u)
]
φs(u)
+ 2
1∫
0
du
mb∫
0
dk
∫
db ln
[√
4k2T
m2b
+ u2 + u
]
J0(bk)Ps(u, b),
(32)
f IIs =
2πmBfπfB
FB→π+ m2φ
∫
[du][db] δ2(b1 + b2)bPB(ξ, b)Ps(v, b2)
× [µp(u+ v)Pp(u, b1)+mB(ξ − v)P(u, b1)]
× [θ(b2 − b)I0(b√uξ mB)K0(b√uξ mB)+ θ(b− b2)I0(b√uξ mB)K0(√−uvmbb2)].
We found in numerical results that the last terms of the distribution amplitude φs(u) of φ meson make main
contributions to a11.
1 In CMSSM the mass spectrum and mixing of sparticles and Higgs bosons can be calculated given a set of values of a few parameters at
the high (GUT or Planck) scale. Here, in stead of scanning the parameter space, we take reasonable values of relevant parameters for the sake
of simplicity.
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The amplitude for B− → π−φ now is given as
(33)A(B−→ π−φ)= GF√
2
∑
p=u,c
λp
[
a3 + a5 − 12
(
a
p
7 + ap9
)+ rφχ (a11 + a13)
]
fφmφF
B→π+
(
m2φ
)
24φLpB,
where
(34)rφχ (µ)=
mB
44pB
f Tφ
fφ
.
In calculating ai (i = 3,5,7,9) we should use the relevant Wilson coefficients in CMSSM. However, we still use
their SM values in numerical calculations for simplicity because the contributions of SUSY only modify them in
a few percents in most part of the parameter space including the values given above, Eq. (28) [26]. The numerical
result of the Br is shown in Table 2.
5. Summary
In summary, we have studied the pure penguin process B− → π−φ using QCD factorization approach, in
particular, calculated the twist-3 contribution by including the Sudakov effects. We find Br(B− → π−φ) =
(1.95–5.70) × 10−9 in SM, which is roughly in agreement with that in Ref. [7]. Comparing with the naive
factorization (NF) result which is (0.7–3)×10−9, the QCD factorization result (to the O(αs)) is less sensitive to the
decay scale, as can be seen from Table 2.2 Actually, as noticed in Ref. [27], the coefficients ai given in Eqs. (13)–
(16) are scale independent to the O(αs), which can be demonstrated by using the LO anomalous dimension matrix
of relevant operators. However, from Table 2 one can see that there still is the significant scale dependence. Because
we use the NLO Wilson coefficients the significant scale dependence comes mainly from the O(αs) corrections
of hadronic matrix elements. Indeed the O(αs) corrections of hadronic matrix elements depend heavily on the
scale (see, Eq. (4), which contains the factor 12 ln[µ/mb]). In order to decrease the scale dependence it is expected
to calculate the α2s order corrections of hadronic matrix elements. We have also calculated the Br in constrained
MSSM with large tanβ and the result is Br(B− → π−φ)= (1.1–2.4)× 10−8. That is, the Br can be enhanced by
one order of magnitude at most compared with that in SM, which is still far below the Babar experimental bound
Br(B0,± → π0,±φ) < 5.6× 10−7 at 90% CL [28].
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